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DFTThe synthesis, characterization and dynamic behavior of three complexes, cis-[Ru(bpy)2(NA)Cl][PF6] (1),
cis-[Ru(bpy)2(NA)I][PF6] (2) and cis-[Ru(bpy)2(NA)2][PF6]2 (3), where bpy is 2,20-bipyridine, NA is nicoti-
namide are reported. These were designed as potential photoactivated antibacterial agents. Their
dynamic behavior in solution was explored using NMR to probe the presence of atropisomers. The data
show that the NA ligand in the bis-NA complex 3 rotates freely at 298 K on the NMR timescale; however,
NA rotation in the mono-Cl and mono-I complexes 1 and 2 is hindered at the same temperature. DFT
calculations suggested that this hindered rotation is due to hydrogen bonding between the NA protons
closest to the nitrogen of the pyridine ring and the halide ligand. Interestingly Cl hinders rotation more
than I, which corresponds to hydrogen bonding ability. Such dynamic behavior may influence the
recognition of polypyridyl ruthenium drugs by biological targets.
 2016 The Authors. Published by Elsevier B.V. This is anopenaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Administered drugs have to pass through many organs and cells
before they reach their target sites, being exposed to different cell
components and enzymes that can deactivate them [1]. In some
cases, before a drug can interact with a biomolecule it needs to
undergo a chemical reaction, i.e. it is a ‘pro-drug’. For example, the
anticancer agent cisplatin hydrolyses to provide binding sites for
biomolecules such asDNA [2]. Thus to optimise the pharmacological
activity of metal-based agents, it is important to understand their
behavior in solution.
The most common targets for drugs are either proteins
(e.g. enzymes, receptors) or nucleic acids (e.g. DNA), and a drug
can bind to such targets either by a direct reaction and thus
covalent (or coordinative in the case of metals) bonding, or weak
interactions involving intermolecular bonds (e.g. hydrogen bond-
ing, hydrophobic interactions) [3]. It is well known that cisplatin
binds to DNA, and its binding properties have been extensively
studied [4]. Octahedral Ru(II) complexes, such as [Ru(azpy)2Cl2],
where azpy is 2-(phenylazo)pyridine, have been shown to be
cytotoxic to breast cancer cell lines [5]. Since DNA is an important
target, the addition of benzimidazole ligands (to simulate thebinding of nucleic acids) to form cis-[Ru(azpy)2(MeBim)2]2+, where
MeBim is methylybenzimidazole, was investigated and the
rotation behavior of MeBim was explored [6]. A similar analysis
was also carried out for cis-[Ru(bpy)2(MeBim)2]2+, concluding that
more sterically-demanding ligands rotate more slowly [7].
Atropisomers occur in compounds in which rotation about a single
bond is hindered. Is it an important area of drug design, as different
atropisomers can have different binding affinities towards targets
and thus exhibit different activities [8–11].
This paper is focussed on two Ru(II) polypyridyl mono-halido
complexes, cis-[Ru(bpy)2(NA)X]+, and the bis-substituedRu(II) poly-
pyridyl complex, cis-[Ru(bpy)2(L)2]2+, where bpy is 2,20-bipyridine,
NA is nicotinamide and X is Cl or I (Fig. 1). These nicotamide com-
plexes are potential photoactivatable antibacterial agents which
might act as delivery vehicles for the organic antibacterial ligand
nicotamide as well as reactive Ru(II) polypyridyl fragments. Here
we report their synthesis and characterization as well as their
dynamic behavior in solution investigated by NMR spectroscopy
and DFT calculations. In the case of complexes 1 and 2, the rotation
of NA was hindered on the NMR timescale at ambient temperature,
a behavior that was surprisingly not observed for complex 3. The
hindered rotation was explored by computational methods (DFT)
which revealed that hydrogen bonding between the halide ligand
and protons of the NA ligand cause the hindered rotation.
Fig. 1. General structure of the complexes studied in this work.
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2.1. Materials
Nicotinamide (NA) and NH4PF6 were purchased from
Sigma-Aldrich and used without further purification. The cis-[Ru
(bpy)2(X)2] starting materials, X = Cl or I, were synthesised as
described previously [12,13]. The NMR spectroscopy solvents
acetone-d6 and DMSO-d6 were purchased from Cambridge Isotope
Laboratories Inc, and D2O from Sigma-Aldrich.2.2. Preparation of Ru(II) polypyridyl complexes
2.2.1. cis-[Ru(bpy)2(NA)Cl][PF6] (1)
A solution of cis-[Ru(bpy)2(Cl)2] (104 mg, 0.2 mmol) and
nicotinamide (NA) (30 mg, 0.24 mmol) was stirred in 25 mL 1:4
v/v water:ethanol for 8 h at 75 C before it turned from light red
to dark red. A dark precipitate was obtained after addition of
NH4PF6 (163 mg, 1 mmol). Yield 82% (118 mg, 0.16 mmol).
Elemental analysis calculated for C26H22ClF6N6OPRu0.5H2O %C:
43.09, %H: 3.20, %N: 11.59; found %C: 42.26, %H: 2.86, %N: 11.34.
ESI-MS calculated for C26H22ClN6ORu [M]+ m/z 571.1, found m/z
570.9. 1H NMR (acetone-d6, 500 MHz) d H: 6.9 (1H, NH), 7.3 (1H,
ddd, J = 7.6, 5.5 and 1.2 Hz), 7.4 (1H, ddd, J = 7.6, 5.6 and 1.2 Hz),
7.5 (1H, t, J = 7.0), 7.6(1H, NH), 7.7 (1H, ddd, J = 7.7, 5.5 and
1.2 Hz), 7.8 (1H, d, J = 5.7 Hz), 7.9 (1H, ddd, J = 7.6, 5.5 and
1.1 Hz), 7.9 (2H, m), 8.1 (1H, d, J = 5.7 Hz), 8.2 (2H, m), 8.3 (1H,
dt, J = 7.9 and 1.5 Hz), 8.6 (1H, d, J = 8.1 Hz), 8.6
(1H, d, J = 8.2 Hz), 8.6 (1H, d, J = 8.1 Hz), 8.7 (1H, d, J = 5.6 Hz), 8.7
(1H, d, J = 8.1 Hz), 9.1 (2H, br s), 10.1 (1H, d, J = 5.6 Hz).2.2.2. cis-[Ru(bpy)2(NA)I][PF6] (2)
A solution of cis-[Ru(bpy)2(I)2] (250 mg, 0.35 mmol) and
nicotinamide (NA) (50 mg, 0.42 mmol) was stirred in 25 mL 1:4
v/v water:ethanol for 8 h at 75 C before it turned from light red
to dark red. A dark precipitate was obtained after addition of
NH4PF6 (280 mg, 0.17 mmol). Yield 35% (100 mg, 0.12 mmol). Ele-
mental analysis calculated for C26H22IF6N6OPRuH2O %C: 37.77, %
H: 2.26, %N: 10.17; found %C: 37.69, %H: 2.22, %N: 10.14. ESI-MS
calculated for C26H22IN6ORu [M]+ m/z 663.0, found m/z 662.9. 1H
NMR (acetone-d6, 500 MHz) d H: 6.9 (1H, NH), 7.3 (1H, t,
J = 6.6 Hz), 7.4 (2H, m), 7.5 (1H, NH), 7.8 (1H, t, J = 6.6 Hz), 7.9
(2H, m), 8.0 (2H, m), 8.0 (1H, d, J = 5.8 Hz), 8.2 (2H, m), 8.3
(1H, d, J = 7.9 Hz), 8.5 (1H, d, J = 8.1 Hz), 8.6 (1H, d, J = 8.0 Hz), 8.6
(1H, d, J = 8.2 Hz), 8.8 (1H, d, J = 8.1 Hz), 8.9 (1H, d, J = 5.4 Hz), 9.3
(1H, br s), 9.3 (1H, br s), 10.6 (1H, d, J = 5.6).2.2.3. cis-[Ru(bpy)2(NA)2][PF6]2 (3)
A suspension of cis-[Ru(bpy)2(Cl)2] (104 mg, 0.2 mmol) was
stirred in 20 mL water at 80 C before it turned to a red solution.
Nicotinamide (NA) (122 mg, 1 mmol) was added and solution
was heated to reflux for 2.5 h. The solution turned from red to deep
red and NH4PF6 (163 mg, 1 mmol) was added. An orange
precipitate was isolated. Yield 49% (92 mg, 97 lmol). Crystals suit-
able for X-ray crystallography were obtained from a saturated
aqueous solution at 277 K. Elemental analysis calculated for
C32H28F12N8O2P2Ru %C: 40.56, %H: 2.98, %N: 11.82, found %C:
40.25, %H: 2.91, %N: 11.48. ESI-MS calculated for C32H28N8O2Ru
[M]2+ m/z 329.1, found m/z 328.9. 1H NMR (acetone-d6, 500 MHz)
d H: 7.0 (2H, NH), 7.6 (6H, m), 8.0 (2H, ddd, J = 7.8,5.6 and
1.3 Hz), 8.1 (2H, td, J = 7.9 and 1.4 Hz), 8.3 (4H, m), 8.4 (2H, dt,
J = 8.0 and 1.5 Hz), 8.6 (2H, d, J = 8.1 Hz), 8.7 (2H, d, J = 8.0 Hz),
8.9 (2H, d, J = 5.6 Hz), 9.0 (2H, s), 9.4 (2H, d, J = 5.7 Hz).2.2.4. NMR of nicotinamide (NA)
1H NMR (acetone-d6, 400 MHz) d H: 6.9 (1H, NH), 7.5 (1H, dd,
J = 8.0 and 4.9 Hz), 7.7 (1H, NH), 8.3 (1H, dt, J = 8.0 and 1.9 Hz),
8.7 (1H, dd, J = 4.9 and 1.5 Hz), 9.1 (1H, d, J = 1.8 Hz).2.3. Dynamic behavior studied by variable temperature 1H NMR
500 MHz 1H NMR spectra of Ru(II) polypyridyl complexes 1, 2
and 3 in acetone-d6 were obtained initially at 10–30 K intervals
from 185 to 323 K on a Bruker AV-500 spectrometer using 5 o.d.
NMR tubes. The concentration of each sample was 2.5 mg in
600 lL of NMR solvent (c.a. 6 mM). To obtain accurate coalescence
temperatures (Tc) for 1 and 2, the intervals were lowered to 2 K
around the coalescence point. All data processing was carried out
using Bruker Topspin 2.1. By using Eq. (1) the rate constant for
exchange at coalescence (kc) between states of an unequally
populated two-site system can be found, where X is a value taken
from tabulated values for various population (P) differences
(DP = (P1  P2)) and Dv is the difference in resonance frequency
of the exchanging protons [14–16]. The free energy of activation
(vDG–c ) was calculated using Eq. (2), where a is a constant with a
value of 1.914  102 kJ mol1 [14]. NOESY spectra were obtained
at 185 K using a mixing time of 0.8 s.
kc ¼ pvX ð1Þ
DG–c ¼ aTc þ 10:319þ log
Tc
kc
  
ð2Þ
Fig. 2. 500 MHz 1H NMR spectra of (a) cis-[Ru(bpy)2(NA)Cl][PF6] (1) and (b) cis-[Ru(bpy)2(NA)2][PF6]2 (3) in acetone-d6at 298 K.
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The effect of solvent on the dynamic behavior of Ru(II) polypyr-
idyl complexes 1 and 2was studied by recording 400 MHz 1H NMR
spectra at 298 K in acetone-d6 and DMSO-d6 on a Bruker DPX-400
spectrometer using 5 o.d. NMR tubes. The concentration of each
sample was 2.5 mg in 600 lL of deuterated solvent (c.a. 6 mM).
2.5. Dynamic behavior studied by DFT
DFT geometry optimisations for complexes 1–3were performed
using Gaussian 03 in the gas phase [17]. Becke’s three-parameter
hybrid functional [18] with Lee-Yang-Parr’s gradient-corrected
correlation functional (B3LYP) [19] was used. The LanL2DZ basis
set [20] and effective core potential were used for the ruthenium
atom, and the split valence 3-21G basis set [21] was used for all
other atoms. The nature of all stationary points was confirmed
by normal mode analysis. A relaxed potential energy surface scanwas performed using the B3LYP/LanL2DZ/3-21G optimised
geometry to find a potential transition state using the same
functional/basis set. The dihedral angle between the monodentate
ligand (L) and the ruthenium atom was adjusted in intervals of 20
to simulate the rotation of nicotinamide (NA) in complexes [Ru
(bpy)2(NA)X]+, where X is Cl or I. Geometry optimisation of the
transition states was performed using B3LYP/LanL2DZ/3-21G as
above. All B3LYP/LanL2DZ/3-21G geometries were then
re-optimised using B3LPY/LanL2DZ/6-31G⁄⁄+ and PB1PBE [22]
/LanL2DZ/6-31G⁄⁄+; the LanL2DZ basis set and effective core
potential was used for the ruthenium and halide, and the split
valence 6-31G⁄⁄+ basis set [23] used for all other atoms. The DFT
free energy of activation (DG–DFT), i.e. energy of the rotational
barrier, was calculated by taking the difference between total
energy of the starting geometry (ES) and total energy of the
transition state (ET), see Eq. (3).
DG–DFT ¼ ET  ES ð3Þ
Table 1
Parameters determined for complexes 1 and 2 from variable temperature 1H NMR
experiments in acetone-d6.
Complex Dv (s1) kc (s1) Tc (K) DG–c (kJ mol
1)
1 688 1144 278 51.6 ± 0.2
2 598 994 256 47.7 ± 0.3
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3.1. Synthesis and characterization
The monocationic Ru(II) polypyridyl halido complexes, cis-[Ru
(bpy)2(NA)Cl][PF6] (1) and cis-[Ru(bpy)2(NA)I][PF6] (2), were syn-
thesised by the reaction of the appropriate cis-[Ru(bpy)2(Cl/I)2]
starting material with 1.2–1.3 mol equiv of NA in a mixture of 1:4
v/v water:ethanol. The complexes were fully characterised by 1H
NMR spectroscopy in acetone-d6. For the chlorido complex 1, there
was one doublet at 10.1 ppm (H1, bpy), whichwas low-field-shifted
to 10.6 ppm for the iodido complex cis-[Ru(bpy)2(NA)I][PF6] 2. The
spectrum of 1 is shown in Fig. 2a. An interesting feature at ca.
9–9.5 ppm for complexes 1 and 2 is a broad peak that can be attrib-
uted to protons H9 and H10 on the monodentate NA that are in close
proximity to the nitrogen of the pyridine ring. Both protons appear
to be involved in an exchange processes at 298 K, attributed to the
lack of COSY and NOE cross peaks in 1H–1H spectra of 1 at 298 K,
see Fig. S1. This rate (on the NMR timescale) of conformational
exchange can be attributed to the hindered rotation of the NA
ligand.
The dicationic bis-substituted Ru(II) polypyridyl complex,
cis-[Ru(bpy)2(NA)2][PF6]2 (3), was synthesised by the reaction of
the appropriate cis-[Ru(bpy)2(Cl)2] starting material with a 5 mol
equiv of nicotinamide (NA) in water. The complexes were fully
characterised by 1H NMR spectroscopy. In contrast to complexes
1 and 2, the 1H NMR resonance peaks for 3 were sharp and the
number of proton peaks observed is reduced because of the
symmetric nature of complex 3, see Fig. 2b.Fig. 3. Variable temperature 1H NMR spectra (500 MHz) of cis-[Ru(bpy)2(NA)Cl][PF6] (1
(c) Structure and nomenclature of the atropisomers of cis-[Ru(bpy)2(NA)X]+ detected a
acetone-d6 at 185 K, where blue lines represent exchange cross-peaks and orange lines3.2. Dynamic behavior studied by variable temperature 1H NMR
Variable temperature 1H NMR spectroscopy was used to inves-
tigate the exchange behavior in complexes 1 and 2. For complex 1,
heating the sample to 323 K, the broad peaks at 9–9.5 ppm were
defined enough to show two broad peaks, see Fig. 3a and b. Inter-
estingly for 2 the broad peaks at 9–9.5 ppmwere relatively sharper
and more defined upon heating at 323 K. When the samples of 1
and 2 were cooled to 185 K, two atropisomers were detected
(denoted as Conf. 1 and Conf. 2, Fig. 3c). Again the atropisomers
were assigned by investigating the NOE interaction between
H10/H9 with H1/H8 (Fig. 3d). The chemical shift difference between
H10 and H9 for both atropisomers of 1 (1.04 ppm for Conf. 1 and
1.71 ppm for Conf. 2) was greater than for 2 (0.9 ppm for Conf. 1
and 1.49 ppm for Conf. 2), see Table S1. For both 1 and 2, the
atropisomer with greatest chemical shift difference for H10 and
H9 was Conf. 2. The chemical shift difference between H10 and H9
for both 1 and 2 was greater than that of the free ligand
(0.4 ppm for NA). For both 1 and 2, Conf. 1 was more stable in
solution, with the ratio of Conf. 1 to Conf. 2 being 1:0.8. By using
Eq. (2), the experimental free energy of activation (DG–c ) was
determined, see Table 1. The free energy of activation for 1 was) (a) and cis-[Ru(bpy)2(NA)I][PF6] (2) (b) in acetone-d6 at 323 K, 298 K and 185 K;
t 185 K; (d) 1H–1H NOESY spectrum (500 MHz) of cis-[Ru(bpy)2(NA)Cl][PF6] (1) in
represent NOE cross-peaks.
Fig. 4. (a) The nomenclature to describe the atropisomers; (b) Variable temperature 1H NMR spectra (500 MHz) of cis-[Ru(bpy)2(NA)2][PF6]2 (3) in acetone-d6 at 323 K, 298 K
and 185 K; (c) 1H–1H NOESY spectrum of 3 in acetone-d6 at 185 K.
244 N.A. Smith et al. / Inorganica Chimica Acta 454 (2017) 240–2463.9 kJ mol1 higher than for 2. These results suggested that the
halide ligand was interacting with the aromatic protons of the
monodentate ligand (H9 and H10), so hindering rotation at ambient
temperature.
For the bis-NA complex 3, the resonances of the NA ligand
protons did not shift with increasing temperature (up to 323 K).
However upon lowering the temperature to 185 K, a complex spec-
trum was obtained owing to the presence of 3 atropisomers
(denoted A, B and C, Fig. 4a and b). At such low temperatures the
NA ligand is held in one place (on the NMR timescale) for each
atropisomer, and its orientation can be described by assigning
H10 as the ‘‘head group”, or H, and H9 as the ‘‘tail”, or T. The
atropisomers were assigned by analysing the NOE interactionsFig. 5. 1H NMR spectrum (400 MHz) of cis-[Ru(bpy)2(NA)Cl][PF6] (1) in DMSO-d6 (bot
acetone-d6 at 298 K.between H10/H9 with H1/H8 (Fig. 4c). For atropisomers A and B,
there was only one environment for each H10 and H9, thus there
was one peak for each. For atropisomer A, H10 showed an NOE
interaction with H1 and H8, and H9 showed an NOE interaction
with H1. For atropisomer B, H9 showed an NOE interaction with
H1 and H8, and H10 showed an NOE interaction with H1. In the case
of atropisomer C, there are two environments for H10 and two for
H9, thus four peaks are observed for these protons. The ratios
and chemical shifts of selected peaks for each atropisomer are
given in Table S2. The chemical shift difference between H10 and
H9 did not change significantly between each atropisomer
(0.2 ppm). Whether H10 or H9 is shifted downfield is dependent
on the orientation of the NA ligand. Atropisomer C is the mosttom) and with 20 lL D2O added (top). Inset is part of 1H NMR spectrum of 1 in
Fig. 6. Potential energy surface scan of cis-[Ru(bpy)2(NA)Cl]+ (1) (left axis and filled squares) and cis-[Ru(bpy)2(NA)I]+ (2) (right axis and empty triangles) using B3LPY/
LanL2DZ/3-21G as the functional/basis set.
Table 2
Free energy of activation (DG–DFT) calculated from geometry optimised DFT structures
of cis-[Ru(bpy)2(NA)Cl]+ (1) and cis-[Ru(bpy)2(NA)I]+ (2).
DG–DFT (kJ mol
1)
Functional/basic set Conf1 Conf1 Conf2 Conf2
?TS1 ?TS2 ?TS1 ?TS2
1 B3LYP/LanL2DZ/6-31G⁄⁄+ 46.54 50.02 36.73 40.20
PBE0/LanL2DZ/6-31G⁄⁄+ 50.17 54.09 40.59 44.50
2 B3LYP/LanL2DZ/6-31G⁄⁄+ 41.08 44.34 32.58 35.83
PBE0/LanL2DZ/6-31G⁄⁄+ 45.53 49.37 37.45 41.29
Table 3
Bond distance H10/H9  X from geometry optimised DFT structures of complexes 1
and 2.
H10/H9  X distance (Å)
B3LYP/LanL2DZ/6-31G⁄⁄+ PBE0/LanL2DZ/6-31G⁄⁄+
1 Conf.1 2.43 2.44
Conf.2 2.56 2.53
2 Conf.1 2.90 2.86
Conf.2 3.02 2.97
N.A. Smith et al. / Inorganica Chimica Acta 454 (2017) 240–246 245stable in solution, whereas atropisomer B is the least stable. These
results suggested that the rotation of the monodentate ligands
(NA) in complex 3 around the Ru–N axis was fast on the NMR
timescale at 298 K and 323 K. However once the solution was
cooled to 185 K, the NA ligands rotated much more slowly on the
NMR timescale allowing atropisomers to be detected.
3.3. Solvent effect on dynamic behavior studied by 1H NMR
In order to understand the nature of the conformational
exchange, complexes 1 and 2 were dissolved in various deuterated
solvents. For complex 1 in DMSO-d6, the broad peak (H9, H10 form
NA) and the bpy H1 proton has chemical shifts of 9.07 and
10.08 ppm, respectively, but in acetone-d6 shifted upfield to 8.76
and 9.85 ppm. When a drop of D2O was added to the DMSO-d6
sample, the broad peak split into two peaks with chemical shifts
of 8.92 and 8.64 ppm, and again the bpy H1 proton shifted further
upfield to 9.78 ppm, see Fig. 5. For 2 in DMSO-d6, the broad peaks
previously at 9.32 and 9.27 ppm in acetone-d6 began to separate
and shift upfield to 9.09 and 8.97 ppm, see Fig. S2. Similarly the
bpy H1 peak at 10.62 ppm in acetone-d6 shifted upfield to
10.39 ppm in DMSO-d6. These results show that more polar
solvents (e.g. DMSO-d6 and D2O), disrupt the interaction leading
to more resolved peaks for H9 and H10, consistent with the
presence of hydrogen bonding.
3.4. Dynamic behavior studied by DFT
DFT was used to investigate whether an intramolecular
interaction is the cause for the hindered rotation of the NA ligand
at 298 K for1 and2. A potential energy scanwas performed to inves-
tigate the starting geometries and transition states by changing the
dihedral anglebetween thehalideandH9, showninFig. 6. The lowest
energy geometries were found to be Conf. 1 and Conf. 2. The
conformation with the lowest energy was Conf. 1. There were two
transition states, labelled transition state 1 (TS1) and transition state
2 (TS2),withTS2having thehighest energy.Geometryoptimisations
were performed to provide accurate energies of the conformationsusing two different functionals; B3LYP and PBE0. The DFT free
energy of activation (DG–DFT) was calculated as described in the
Experimental Section 2, see Table 2. Generally the free energies of
activation associated with 1 are greater than those for 2. From
exploring the ground state configurations and transition states, the
main geometrical differences between 1 and 2 occur between the
ground state configurations. Thus from here onwards only Conf. 1
and Conf. 2 will be discussed. The bond distance between H10/H9
and the halide X was investigated (H  X), see Table 3. Both PBE0
and B3LYP functionals showed that Conf. 1 had a shorter H9/H10X
distance than Conf. 2 by 0.1 Å for both 1 and 2. Additionally, both
atropisomers of 1 had shorter H9/H10  X bond distances than both
atropisomers of 2. This is evident when visualising Conf. 1 of both
1and2as theNA ligandappears toorientate itself closer to thehalide
for 1, see Fig. 7. The DFT results correlatewellwith the experimental
Fig. 7. Overlay of geometry optimised DFT structures (PBE0/LanL2DZ/6-31G⁄⁄+) of [Ru(bpy)2(NA)Cl]+ (1) (red) and [Ru(bpy)2(NA)I]+ (2) (blue) to show orientation of NA
ligand from two different angles, with (B) looking down the X–Ru bond. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
246 N.A. Smith et al. / Inorganica Chimica Acta 454 (2017) 240–246results,with the PBE0 functional performing the best. PBE0has been
shown to predict hydrogen bond energies well [24], however both
functional showed that the free energy of activation was greater
for 1 when compared to 2. This can be attributed to the greater
acceptor ability of Cl when compared to I; thus for 1 the rotation of
the NA ligand was more hindered. This was further supported by
the fact that the NA ligand orientates itself closer to the halide in 1,
as shown by the DFT geometry.
4. Conclusion
Two nicotinamide Ru(II) polypyridyl halide complexes, cis-[Ru
(bpy)2(NA)Cl]+ (1), cis-[Ru(bpy)2(NA)I]+ (2) and one Ru(II)polypyri-
dyl bis-substitued complex, cis-[Ru(bpy)2(NA)2]2+ (3) were
synthesised and characterized. The dynamic behavior of their
atropisomers was demonstrated by temperature-dependent 1H
NMR spectroscopy which revealed hindered rotation of NA in the
chlorido complex 1 and iodido complex 2 at ambient temperature.
Interestingly the chlorido ligand hindered rotation more than the
iodido, consistent with the heightened capability of the chlorido
complex for hydrogen bonding interactions. However, NA in com-
plex 3 rotated freely on the NMR timescale at 298 K. The hindered
rotationwas also explored byDFT calculationswhich suggested that
this phenomenon was due to hydrogen bonding between the NA
protons closest to the nitrogen of the pyridine ring and the halide.
These complexes may be useful for the photoactivated delivery of
the antibacterial agent nicotinamide, as part of a possible strategy
to combat antimicrobial resistance, and dynamic processes within
the complexes may have an influence on target recognition
(e.g. membrane proteins).
5. Dedication
This article is dedicated to the memory of Karen Brewer, whose
pioneering work on metal coordination complexes will ever be
remembered.
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